In this work, we report that the identified, noncoding RNA-containing NRSE sequence forms double-stranded Neuronal Lineage Induction by the NRSE dsRNA RNA (dsRNA) in lengths of about 20 bp, and that the To determine the function of the NRSE dsRNA, we ex-NRSE dsRNA activates expression of NRSE/RE1-conpressed them in HCN-A94 cells. We made lentiviral vectaining genes during an early stage of neurogenesis.
tors with U6 promoter-driven sNRSE, asNRSE and NRSE The NRSE dsRNA modulates the NRSE/RE1 DNA-NRSF/ dsRNA expression cassettes. After infecting progenitor REST protein machinery to switch neuronal gene excells with virus, cells were maintained without FGF-2 for pression from a repressed state in stem cells to an active 4 days. In control infections (lentivirus with an empty state in early neurons. The NRSE dsRNA is necessary U6 cassette), we did not observe any obvious effects and sufficient to direct multipotent neural stem cells on cell morphology (Figure 2A ). Expression of single specifically down a neuronal lineage, suggesting it can sNRSE or asNRSE RNA alone also had no obvious effunction as an endogenous inducer of neuronal differenfects ( Figure 2A ). However, when we introduced both tiation. The apparent gene activation effects of the NRSE sNRSE and asNRSE RNA together, significant morphodsRNA clearly distinguish it from the gene silencing eflogical changes were observed ( We next assessed the effects of noncoding NRSE dsRNA, both in progenitor cultures and during lineage-DNA sequence in the antisense orientation (asNRSE; Supplemental Figure S1 available at http://www.cell. specific differentiation with reporter constructs. Stagespecific promoter-based reporter assays allowed us to com/cgi/content/full/116/6/779/DC1). The NRSE/RE1 sequence is usually localized within promoter regions of quantify the activity of NRSE dsRNAs comparatively. We used a Sox2 promoter-driven luciferase construct neuron-specific genes and is recognized by the NRSF/ REST protein to restrict neuron-specific gene expresas an undifferentiated neural progenitor-specific reporter construct. Luciferase values from cells 4 days sion; however, the function of a DNA element within an RNA sequence is unclear.
after mock virus (control) infection were set as 100% ( Figure 2C ; the immunostaining is also shown in the right Northern analyses revealed an asNRSE RNA corresponding to about 20 nt in length within the neuronal image). No obvious difference was observed for sNRSE RNA and asNRSE RNA; however, there was a significant population (cells treated with 1 M retinoic acid [RA] and 5 M forskolin [FSK] for 4 days). Surprisingly, our decrease in luciferase activity in cells infected with NRSE dsRNA. control probe for sense-strand revealed an ‫02ف‬ nt sense NRSE RNA (sNRSE) within the same neuronal population A ␤III-tubulin (TUJ1) promoter-driven luciferase construct was used for the neuron-specific reporter con-( Figure 1A , probe for sense) suggesting that these RNAs might exist as double-stranded forms within the cell. struct. RNA-expressing virus-infected progenitor cells were cultured in 1 M RA and 5 M FSK for 4 days. The Low amounts of both sense and antisense RNAs could also be detected within the progenitor population, but luciferase activity increased more than 4 times when compared with the activity in the progenitor culture (data the expression levels in the neuronal population were much higher relative to the progenitor population. The not shown). Many cells stained positive for TUJ1 (control with mock virus infection; Figure 2C) ; therefore, the lucifexpression of low levels of both RNAs within the progenitor cultures could be due to the presence of some cells erase value of the cell at this time point was taken as 100%. Expression of either sNRSE RNA or asNRSE RNA already committed to specific lineages. Nevertheless, we could not detect any NRSE RNAs within an astroalone had no obvious effects on neuronal differentiation. In contrast, the NRSE dsRNA specifically increased the cyte population.
To determine which neuronal stages express the TUJ1 promoter-luciferase activity more than 2 times relative to control. dsRNA, a time-course Northern blot analysis was performed after neuronal induction. Cells at 2 and 4 days The GFAP and MBP promoters were prepared as lineage-specific luciferase assays for astrocyte and after induction of neural differentiation (RAϩFSK) contained the highest amounts of the NRSE dsRNA; as oligodendrocyte differentiation, respectively. To induce astrocyte differentiation, cells were treated with a combimaturation proceeded, the levels of the NRSE dsRNA apparently decreased ( Figure 1B) . These data show that nation of 50 ng/ml BMP-2, 50 ng/ml LIF and 1% FCS. gene itself by a miRNA/siRNA-like function and if NRSF/ Two days later, the MBP-luciferase activity increased REST functions as a repressor of neuronal gene expresmore than 3-fold when compared with the activity in sion, the repression of neuron-specific genes may be progenitor cultures. We did not detect any obvious difeliminated, resulting in neuronal lineage induction. Howferences in the cases where sNRSE RNA and asNRSE ever, there is no apparent NRSE sequence within the RNA were expressed during astrocyte or oligodendro-NRSF/REST mRNA, making it an unlikely target of the cyte differentiation. However, significant decreases in NRSE dsRNA at the posttranscriptional level. In fact, luciferase activity were detected when the NRSE dsRNA when total RNAs were extracted from HCN-A94 cells was introduced under each differentiation condition.
infected with NRSE dsRNA-expressing virus for 4 days, Furthermore, NRSE dsRNA-expressing virus-infected reverse transcription (RT) PCR analysis revealed that cells that remained under each differentiation condition the introduction of the NRSE dsRNA did not appear to appeared to be neurons (TUJ1 positive, data not shown).
change the expression of the NRSF/REST itself ( Figure  3A , top left).
Increased Expression of Neuron-Specific Genes
NRSE sequences are preferentially localized within Containing NRSE/RE1 by the NRSE dsRNA promoter regions of neuron-specific genes. We perTo investigate the mechanism of action of the NRSE formed sequence database search, and found more dsRNA, we first considered whether the NRSE dsRNA than 60 NRSE/RE1 sequences in the mouse genome. might function as a miRNA/siRNA. It has been discovWe next examined the direct effects of NRSE dsRNA ered that miRNA/siRNAs exist as 21-25 nt dsRNAs and on the expression of genes that have the NRSE/RE1 element in their promoters (SCG10, Synapsin I NaCh II, target cellular mRNAs in a complementary fashion, lead- 
M4 mAChR, and mGluR2). RT-PCR analysis revealed
RNA-Directed Chromatin Changes of NRSE/RE1-Containing Genes in Adult Hippocampal that the NRSE dsRNA increased expression levels of Neural Cells NRSE/RE1-containing genes ( Figure 3A) Figure 3A) . These gene-activating the nature of the transcriptional activation of NRSE/RE1-events appeared to be NRSE/RE1-gene specific; no obcontaining genes by the NRSE dsRNA, we performed vious increases in the expression of GAPDH and ␤-actin chromatin immunoprecipitation (ChIP) assays. The progenes were detected. moter regions of mGluR2 and SCG10 genes were asTo determine how widespread the NRSE dsRNAsessed as representative NRSE/RE1-containing genes, dependent gene activation was, we monitored the activsince these genes have been characterized in mechanisity with reporter assay using the mGluR2 promoter. Figure 3B ).
SCG10 genes were associated with NRSF/REST and Neurosphere cultures were prepared from whole brain HDAC1 ( Figure 4A , second and third rows). Notably, of 10-day-old ICR strain mice, and primary neural stem NRSF/REST was always found to be associated with cells were derived from ventricular zone, hippocampus, endogenous mGluR2 and SCG10 promoters, in the reand whole brain of the 129/SvJ strain of adult mice. In gion of the NRSE/RE1 ( Figure 4A , second row). In the all cases, the introduction of NRSE dsRNA mediated a case of mGluR2 promoter, in addition to HDAC1, methylsubstantial increase in mGluR2 promoter activity (Fig-DNA binding proteins of MeCP2 and MBD1 were found ure 3B). associated with the NRSE/RE1 region ( Figure 4A , fourth and fifth rows). As for the SCG10 promoter, we observed decreased association of MeCP2 and MBD1, even Critical Sequence Requirement of Both the NRSE though this gene is apparently repressed in the nonneudsRNA and NRSE/RE1 DNA Element ronal state, suggesting diversity of the repression mafor Gene Activation chinery depending on specific gene/promoters conTo investigate the sequence requirement and specifictaining NRSE/RE1 elements. ity, we prepared a set of simple reporter constructs. The
In contrast, clear evidence of derepressed chromatin NRSE/RE1 element was fused upstream from the 260 states was seen for both mGluR2 and SCG10 genes in bp CMV minimal promoter carrying a TATA box and neurons, where decreased association of HDAC1 with linked to the luciferase gene (NRSE-TATA, Figure 3C ). the NRSE/RE1 element was found ( Figure 4A , third row, A mutated NRSE/RE1 element was prepared similarly third lane). The CREB binding protein (CBP)/p300 family (mtNRSE-TATA). We also made expression cassettes of transcriptional coactivators possessing histone acefor the NRSE dsRNA and a mutated NRSE dsRNA tyltransferase activity has been shown to interact with (mtNRSE dsRNA). various transcription factors to activate genes (BannisWhen we introduced TATA-luciferase constructs lackter and Kouzarides, 1996). We detected an increase in ing the NRSE/RE1 element, no differences in the luciferthe association of CBP, acetylated histone H4, and acetase activities were detected between cells infected with ylated histone H3 with both promoters when cells were no RNA (control)-, NRSE dsRNA-and mtNRSE dsRNAin a state in which these genes are actively expressed expressing virus constructs ( Figure 3D , gray bars). In ( Figure 4A , sixth to eighth rows, third lanes). SWI/SNF contrast, when we introduced NRSE-TATA-luciferase chromatin-remodeling factors, BRG1 and BAF170, were constructs, the NRSE dsRNA increased the expression also found to associate with the NRSE/RE1 element, as levels of NRSE-TATA-luciferase gene more than 2.5 part of a possible machinery to remodel the chromatin times ( Figure 3D , orange bars). We next tested the efstate for active expression of neuron-specific genes in fects of a mutated NRSE dsRNA on NRSE-TATA-luciferneuronal cells ( Figure 4A , eighth and ninth rows, third ase activity. The mutations changed sequence specificlanes). ity while preserving dsRNA structure. Interestingly, Importantly, the ChIP assay revealed that, upon the when the NRSE dsRNA was mutated (mtNRSE dsRNA), introduction of NRSE dsRNA into progenitor cells, there no additional increase relative to control was observed was decreased association of the repressor proteins ( Figure 3D ). On the other hand, the introduction of a MeCP2, MBD1, and HDAC1 with the NRSE/RE1, remutated NRSE/RE1 DNA element (mtNRSE-TATA) in sulting in the activation of neuronal genes. The fact that combination with an intact NRSE dsRNA was not NRSF/REST still occupied the NRSE/RE1 locus sugenough to induce further gene activation ( Figure 3D , gests that NRSF/REST may be involved in an alternative green bars). These results show that NRSE dsRNAchromatin structure with acetylated histones to activate dependent gene activation requires a critical sequence transcription. For this transition step to occur, chromahomology between the NRSE/RE1 DNA element and the tin-remodeling factors like BAF170 and BRG1, which had previously been shown to bind NRSF/REST (Battag-NRSE dsRNA. To determine the effect of Rz in each differentiation pathway, a cell type-specific promoter-based reporter (mtGluR2-luciferase), the relative luciferase activity is seen at baseline levels, presumably due to a release of assay was performed similar to that shown in Figure 2C . Luciferase values from cells 4 days after control mock NRSF-mediated repression (derepression). We observed at least a 2-fold increase in the wild-type GluR2-virus-infection were taken as 100%. Under progenitor culture conditions, Sox2 promoter-driven luciferase valluciferase construct upon introduction of the NRSE dsRNA, but not in the mtGluR2-Luciferase construct, ues resulted in no difference in the cases of Rz and I-Rz treatment, probably due to the lack of endogenous indicative of an activation effect. This activation was never observed with the introduction of a mutant NRSE dsRNA ( Figure 5C ). Under the neuronal condition, the level of the NRSE dsRNA or a control vector; in fact there was an active repression of GluR2-luciferase, consistent with NRSF/ dsRNA increased, as well as TUJ1 promoter-driven luciferase activity. Introduction of the Rz in this condition REST actions as a repressor. Taken together, these results suggest that: (1) NRSF/REST functions as a repressignificantly reduced the TUJ1-luciferase activity, whereas the I-Rz had no effect ( Figure 5C ). Under astrocyte or sor in the absence of NRSE dsRNA, (2) NRSF/REST converts to an activator in the presence of NRSE dsRNA, oligodendrocyte differentiation conditions, no obvious differences were detected in the levels of luciferase and (3) the activator function of NRSF/REST is dependent on having both a wild-type NRSE/RE1 DNA sedriven from the GFAP or MBP promoter, respectively, upon either Rz or I-Rz introduction ( Figure 5C ). Mutant quence and a wild-type NRSE dsRNA.
NRSE dsRNA (mtNRSE dsRNA) had no effect on various luciferase assays. The Loss of Nuclear Localizing NRSE dsRNA Blocks Neuronal Differentiation in Adult Hippocampal Stem Cells NRSE dsRNA in the Nuclei of Cells Differentiating into Neurons To determine if NRSE dsRNA is necessary for neuronal differentiation, we designed a ribozyme (Rz; Figure 5A) We next carried out in situ hybridization against NRSE dsRNA and immunostaining for NRSF/REST protein sithat can specifically cleave one of the strands of the dsRNA sequence, thus inactivating the expression of multaneously. As illustrated in Figure 6A , DAPI (blue) and NRSE RNA ( images). However, colocalization did not occur when smaller than ‫07ف05‬ kDa can translocate back and forth through the nuclear pore through a process of natural DNA was condensed during cell division (white arrow, Figure 6A , upper image). During DNA condensation, diffusion (Stehno-Bittel et al., 1995). Since NRSE dsRNAs are ‫02ف‬ bp in length (less than 20 kDa), they would likely NRSE RNAs remained in the nuclear domain but appeared to be outside of the condensed chromosomal diffuse throughout the cell. However, NRSE dsRNAs were located specifically in the nucleus, suggesting as region (white arrows, Figure 6A , upper image). NRSE dsRNA localization in mitotic cells seems to reflect the yet unknown molecule(s) restricting the localization of the dsRNA to the nucleus. localization of histone acetylase/proteins, which also appear beyond the condensed chromosomal region. NRSF/REST proteins are mainly localized in the nucleus, regardless of cell division (magenta, Figure 6A ). The nature of their actions on transcriptional regulation is in accord with the finding that transcription is reEven though NRSF/REST is expressed in all of the cells, the cells expressing higher amounts of NRSE RNAs were pressed during mitosis (Kruhlak et al., 2001 ). Molecules also TUJ1-(yellow) positive (red arrows). Conversely, or dsRNAs. We tested a range of NRSF/REST protein concentrations; the highest one tested produced a shift cells expressing NRSE RNAs at the lowest levels were TUJ1-negative (blue arrows).
in dsDNA migration, whereas a 16-fold lower concentration of NRSF/REST protein was enough to produce a shift in dsRNA ( Figure 6C) . Surprisingly, these data reInteraction between NRSF/REST and the NRSE dsRNA vealed that the affinity of NRSF/REST to the NRSE dsRNAs was much higher than the affinity to NRSE To examine the potential interaction between NRSF/ REST protein and NRSE dsRNA, we incubated the cell dsDNAs. Binding of NRSF/REST to the sequence of the MCS control dsRNAs or dsDNAs was not observed. extract with biotin-labeled NRSE dsRNAs. We also prepared biotin-labeled NRSE dsDNAs as a positive conFurthermore, no apparent band-shift was observed in samples of bovine serum albumin (BSA) incubated with trol. To assess the specificity in the interaction, negative controls with the partial sequence of the multicloning NRSE dsRNAs or dsDNAs. This highly specific binding between NRSE dsRNA and NRSF/REST protein may site (MCS) in pBlueScript II SKϩ were prepared. Bound proteins were "pulled down" and analyzed by Western contribute to a functional switch of the NRSF/REST machinery from transcriptional repressor to activator. blot ( Figure 6B ). The immunoblot revealed that both the NRSE dsDNAs and dsRNAs bound NRSF/REST, demonstrating an interaction between NRSF/REST and NRSE Expression of NRSF/REST Protein and NRSE dsRNA in the Adult Hippocampus dsRNA.
To compare the affinity between NRSE dsDNA and We next examined the expression of NRSF/REST mRNA and NRSE dsRNA in the adult mouse hippocampus by NRSE dsRNA to NRSF/REST protein, we carried out electrophoretic mobility shift assay (EMSA). NRSF/REST in situ hybridization. Although NRSF/REST mRNA was expressed in nonneuronal glial cells (data not shown), with cMyc-tag was expressed in 293T cells and immunoprecipitated with anti-cMyc antibody. After purification, the mRNA was highly expressed in hippocampal neurons (Figure 7) , suggesting that NRSF/REST is playing the protein was incubated with either NRSE dsDNAs pose that this class be named small modulatory RNAs (smRNAs).
Luciferase Assay
Luciferase activity was measured with Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol.
Experimental Procedures
The luminescent signal was quantitated with a luminometer (Lumant LB 9501). As an internal control, a plasmid containing Renilla luciferCell Culture ase gene was cotransfected. HCN A94 cells were cultured as described (Gage et al., 1995) . For neuronal differentiation, cells were cultured in N2 medium (InChromatin Immunoprecipitation (ChIP), RT-PCR vitrogen) containing RA (1 M, Sigma) and forskolin (5 M, Sigma).
ChIP assay was done essentially as described (Takizawa et al., 2001) For astrocyte differentiation, cells were cultured with 50 ng/ml by using ChIP assay kit (Upstate). We used the monoclonal 12C11 BMP-2 (R&D systems), 50 ng/ml LIF (Chemicon), and 1% FCS antibody (gift from Dr. Anderson) and NRSF-P18 antibody (Santa (HyClone) for 4-10 days. For oligodendrocyte differentiation, cells Cruz), as the antibody for NRSF/REST. RT-PCR was performed by were cultured in N2 medium after FGF-2 withdrawal for 2-4 days. using total RNA extracted from HCN A94 cells. 1 g RNA was used Cell imaging was performed using microscope (Nikon TE300) with for first-strand cDNA synthesis with SuperScript II (GibcoBRL). PCR a SPOT camera.
primer sequences are available upon request.
Pull-Down Assay with Biotin-Labeled Oligonucleotide Construction of Plasmids
The sNRSE RNA-and asNRSE-expressing lentiviral vectors were Biotin-labeled RNA was synthesized with an AmpliScribe T7 transcription kit (Epicentre Technologies). Streptavidin-agarose beads constructed by using CSC PW, a lentiviral vector. The CMV promoter was digested out. U6 promoter drives each NRSE RNA sequence (Gibco BRL) were washed with binding buffer (20 mM Tris-HCl, [pH 7.5], 60 mM KCl, 2.5 mM EDTA, and 0.1% Triton X-100) and with the terminator at the 3Ј end first amplified by PCR. Each U6 cassette was subcloned into CSC PW. Ribozyme-expressing vecsuspended. While the beads were kept on ice, cell extract was mixed with 70 g of biotinylated RNA. After incubation on ice for tors were constructed similarly. The production of lentivirus has been described elsewhere (Pfeifer et al., 2001) , and infections were 10 min, the total volume was adjusted to 1 ml with binding buffer. 
